The present paper summarizes the numerical investigation on two perforated pallet rack upright sections in the interactive buckling range using erosion of critical bifurcation load (ECBL) approach. The numerical models were calibrated against the results of an extensive experimental program carried out at the CEMSIG Research Center within Civil Engineering Faculty of "Politehnica" University of Timisoara.
Introduction
Pallet rack uprights systems are usually made of thin-walled cold-formed steel sections that contain arrays of holes along the longitudinal axis of the member. These perforations allows for hook-in end connectors to be used in order to obtain the so called hook-in beam-to-column connections.
Despite their lightness, these structural systems are able to carry very high loads and can also raise considerable height. Usually, upright members are of monosymmetrical sections, subjected to axial compression and bending about both axes. The complex shape for these sections is determined based on two considerations: ease of assembling and structural efficiency (cost effective).
The design of these structures is based on experimental tests prescribed by specific codes. Organizations like Fédération Européenne de la Manutention, Rack Manufacturers Institute, German Institute for Quality Assurance and Marketing and Storage Equipment Manufacturing Association developed and published norms and design recommendations: [1] , [2] , [3] , [4] . In 2008, in Europe was submitted for approval the pre-norm prEN15512:2008 [5] , which in March 2009 was accepted and published in its final form as EN15512:2009 [6] .
According to European design code, EN15512 [6] , tests on: (1) stub columns, to determine the influence of perforations and local buckling on the ultimate capacity of the cross-sections and, (2) tests on specimens of length equal to the distance between two subsequent nodes of upright members, to check the effects of distortional buckling, are requested only for single sections. Additional, upright frame units are tested in compression, with the force applied on a single branch, in order to observe the global instability behaviour of upright members.
However, depending on the cross-section dimensions, the distance between two subsequent nodes is often larger than distortional critical length and, in such cases the test results correspond rather to the distortional-global interaction, than to pure distortion. For the consistency of testing with the target phenomenon, specimens having the lengths corresponding to pure distortional buckling would be necessary to be tested and after, the distortion characteristic load could be used in the interactive distortional-overall buckling strength analytical evaluation.
To study the problem of buckling mode interaction involving coupling between distortional and overall modes an extensive experimental program would be required in order to determine, experimentally, the erosion of buckling strength for perforated sections in compression, as well the effect of imperfection.
To reduce the number of experimental tests, the European design code [6] allows for the use of numerical approaches that takes rational account the influence of perforations (i.e. finite element analysis), providing that the models are validated by relevant tests.
Literature review
As mentioned before, the optimized shape of pallet rack structures lead to complex shape for these sections, determined based on two considerations: ease of assembling and structural efficiency (cost effective). In order to raise the buckling strengths of the webs, small groove stiffeners were folded in. This eliminated the local buckling problem, but created what Thomasson [7] called a "local-torsional" problem -i.e. distortional buckling. The research regarding the behaviour of coldformed steel columns began in the 1940's. Since then, distortional buckling came in and out of the spotlight under different names. Schafer and Hancock [8] present a detailed history of distortional buckling for columns, including the use of numerical methods for the study of different instability problems.
The significant progress from the last two decades in application of numerical techniques for the simulation of complex behaviour of cold-formed steel members, including interactive buckling, enabled for applying the so called numerical testing instead of laboratory tests. Of course, it is still necessary to calibrate the numerical models by a reference test, but after that, those models can be reliable enough to replace the actual experimental tests.
A very important part in numerical analysis of thin walled section is played by linear buckling analysis. It can be used to analyse and approximately predict the buckling behaviour of a member, and, in the same time, modern design procedures for member stability checks are based on the outcome of such analysis. Three methods can be applied to perform linear buckling analyses: the finite strip method (FSM), the generalized beam theory (GBT) and the finite element method (FEM).
Two general reports related to numerical models and methods applied in the simulation, presented in two editions of Coupled Instability in Metal Structures Conferences, CIMS 1996 and 2000, by Rasmussen [10] and Sridharan [11] , reviewed the main contributions and milestones in the progress at the date. They concluded the most used computational models are the ones applying the semianalytical [12] and spline finite strip [13] and the finite element methods [14] . At CIMS 2008, summarizing the advances and developments of computational modelling of cold-formed steel, Schafer [15] emphasized that the primarily focus is the use of semi-analytical finite strip method, considering the implementation of the constrained finite strip method (cFSM) [16] . This method allows for discrete separation of local, distortional and global deformations, and collapse modelling using shell finite elements.
A good alternative to that is the application of modal decomposition via generalised beam theory (GBT), method which achieved a significant development in the last decade by works of the Lisbon team led by Camotim [1] , which makes possible to select the deformation modes to be considered in the analysis. At this moment it is possibly to analyse with GBT members made of one or several isotropic or orthotropic materials, with various common support conditions. Camotim et al. [18] summarise the main concepts and procedures involved in performing a GBT buckling analysis together with the development and numerical implementation of a GBT-based beam finite element formulation, which includes local, distortional and global deformation modes and can handle general loadings.
GBT-based results were compared with values yielded by shell finite element analyses; despite the huge difference between the numbers of degrees of freedom involved in the two analyses (orders of magnitude apart), an excellent agreement was found in all cases.
The problem when both GBT and FSM/cFSM when applied to pallet rack upright sections is that they cannot deal with perforations. These methods can only consider variations at the cross-section level and cannot easily reproduce any discrete variation along the length of the member. However, in view of the advantages that the use of GBT and FSM offer, it is worth trying to expand their application to perforated rack columns. The FEM is the most versatile, since it can be easily adapted to complex geometries and different load and member end conditions. However, its computational cost is high and it is usually implemented in difficult to learn software.
Numerous investigations on the design of perforated cold-formed steel members can be found in the scientific literature. The holes in are usually isolated or far apart from each other and their size is, usually, large. Szabo & Dubina [19] and Moen & Schafer [20] adapted the effective width method and, respectively, the DSM [21] for members with perforations.
Pallet rack columns, on the other hand, present smaller perforations that are uniformly distributed all along their length to facilitate the connection with the other members of the structure. Several investigations on this type of perforated members were conducted in order to develop an analytical design method to reduce the number of experimental testing.
Preliminary calculations on rack columns, applying the direct strength method (DSM), were carried out by Casafont et al. [22] .
Conventional procedures for member stability checks based on buckling curves would be much more practical if they could be adapted for members with perforated walls.
Present paper presents the numerical approach for the study of buckling modes interaction (distortional and overall). A numerical imperfection sensitivity study was conducted in order to determine the maximum erosion of critical bifurcation load due to mode coupling, imperfections and perforations. Using the ECBL approach [23] the maximum value of erosion was computed and based on its value, a corresponding imperfection factor.
Experimental and numerical data

Experimental program
The cross-section shapes of studied sections, both for brut and perforated (i.e. net) sections are shown in Figure 1 . Two series have been tested, RS125×3.2 and RS95×2.6, of perforated-to-brut cross-section ratios, A N /A B , of 0.806 and 0.760, respectively. The test setup was approximately the same for all tested specimens. The compression load was transmitted to the base plates via 30 mm thick pressure pads (to avoid the undesired deformations of the pads during the test). The pressure pads were prepared with a 5 mm indentation in order to receive a 40 mm diameter steel ball bearing. The test setup for stub column test is presented in detail in Figure 3 (a is base/cap plate, b is buckling length of the specimen and c is the length of the coldformed stub upright).
The ball bearing was positioned on the symmetry axis of the cross section in between the position of gross and the minimum cross section centres of gravity.
The theoretical position of the ball bearing was on the same line with gravity centres at the both ends, in order to avoid any accidental loads. For obtaining a static load, the specimens were loaded in displacement control at a steady rate of 0.2 mm/minute. Additional restraints were foreseen for specimens of lengths corresponding to interactive buckling range (c) in order to restrain the torsion.
The experimental program was explicitly presented by the authors in [24] , [25] .
Numerical model calibration and validation
The numerical models applied to simulate the behaviour of studied sections, have been created using the commercial FE program, ABAQUS/CAE [26] . The numerical models were calibrated to replicate the physical tests. Different element types and mesh sizes were tested in order to find a structured mesh able to assimilate the perforations, to find the optimum number of elements from the point of view of ultimate force accuracy and, in the same time, to reduce the computational time. Rectangular 4-noded shell elements with reduced integration (S4R) were used to model the thin-walled cold-formed members.
In order to create a reliable mesh and to account the holes present along the specimen's length a mesh size of about 5×5mm was chosen (see Figure 4) . The elements were constrained to a rectangular form and a structured mesh was used.
The base plates and pressure pads were modelled using RIGID BODY with PINNED nodes constraints. The reference point for the constraints was considered the centre of the ball bearings (55mm outside the profile), in the gravity centre of the cross-section (see Figure 5 ). For numerical simulations, the specimens were considered pinned at one end and simply supported at the other one. For the pinned end, all three translations together with the rotation along the longitudinal axis of the profile were restrained, while the rotations about maximum and minimum inertia axes were allowed. For the simply supported end, the translations along section axis and the rotation about longitudinal profiles axis were restrained, while the rotations about major and minor inertia axis together with longitudinal translation were allowed. The pinned end was considered to replicate the end support of the real tested specimen, while the simply supported end was considered to reproduce the loading machine end, allowing for direct force/displacement specification. For test specimens, the rotation about longitudinal axis was prevented by friction, while for numerical model the rotation was restrained, in order to remove rigid body displacements (rotations along the longitudinal axis, in this case). The analysis was conducted into two steps. The first step consists into an eigen buckling analysis (LBA), in order to find a buckling mode or combination of buckling modes, affine with the relevant measured imperfections. After imposing the initial geometric imperfection, obtained as a linear combination of eigen buckling modes from the previous step, a GMNIA analysis with arc-length (static, Riks) solver was used to determine the profiles capacity. A unit displacement was applied at the simply supported end, incremented during the analysis, in order to simulate a displacement controlled experimental test.
Different element types and material behaviours were analysed from the point of view of ultimate force and failure mode. In Table 1 are presented the failure loads obtained numerically for the considered element types. For these analyses, the material behaviour i.e. yielding stress distribution across the section and the Young's modulus value were those experimentally obtained. It can be observed that for this specific type of analysis and section, the influence of element type is insignificant. It can be noted that the numerical model behaviour is no influenced by the element type. Based on these observations, the S4R finite element type was chosen for further analyses. S4R is a robust, general-purpose element that is suitable for a wide range of applications. It is a 4-noded doubly curved quadrilateral, stress/displacement shell element with reduced integration and a large-strain formulation that have 6 DOFs per node.
A parametric study regarding the material properties i.e. Young's modulus and real yield stress distribution was done. In Table 2 are presented the considerate cases together with the numerically obtained ultimate forces. The effect of residual stresses was considered. The residual stresses were modelled as initial stress state. The method used to describe the initial stress state allows for direct specification of stress value for each individual integration point. It can be observed that the influence of residual stress is small (less than 3%). Since the effects of residual stresses are not the primary objective of the present study, for further analysis, their effects will be ignored, unless otherwise specified. Even more, when the material properties of the cross-section are established from coupons cut from within the section, the effect of flexural residual stresses is inherently present, and no need to be explicitly defined in the finite element model [30] .
It must be mentioned that for all considered numerical models, the failure modes were in accordance with the failure mode observed on reference experimental test.
The calibrated numerical model was validated against experimental tests for all tested profiles sets. Table 3 presents the values of ultimate load from numerical simulations and the experimental ones for all types of members (stub, distortional, upright and in the coupling range), for both RS125×3.2 and RS95×2.6 crosssections, with and without perforations. As it can be observed in Table 2 , the model using the experimentally determined properties of base material (E=202941N/mm 2 ), a bilinear material behaviour with f y determined , obtained in accordance with EN1993-1-3 [27] and no residual stresses is in accordance with the experimental test. Since the numerical results, obtained using this numerical model ( Table 2 , case 8), are in good agreement with experimental test results, it will be further used for all numerical analyses.
Furthermore, in Figure 6 are presented the characteristic failure modes for experimentally tested and numerically simulated specimens. Obviously, in all the cases a good agreement exists between the results of FE analyses and experimental ones.
The decomposition method used in this case is limited to symmetric sectional buckling and/or global buckling. Further development and more complex measuring are required in order to replicate all experimentally obtained failure modes.
RSBc95×2.6 Figure 6 : Failure modes -Experimental vs. FE models Based on the results obtained from numerical simulations, it can be noted that from the point of view of maximum load, the numerical model is able to accurately replicate the experimental tests. For specimens with increased length, where global and sectional imperfections are of same importance, a more complex imperfections measurement is recommended. The measurements should allow the decomposition of geometric imperfections into sectional and global components that can afterwards be used to reconstruct the initial deformed shape.
Imperfection sensitivity analysis
Determination of coupling point according to ECBL
The interactive buckling approach based on ECBL method is largely presented in [23] . The principle of this method is summarized here only. Assuming the two theoretical simple instability modes that couple, in a thin-walled compression member, are the Euler bar instability mode, represents the new formula of α imperfection factor which should be introduced in European buckling curves in order to adapt these curves to distortional-overall interactive buckling. The coupling point between distortional (D) and global (F) buckling modes is determined following the ECBL approach as shown in Figure 7 . On this purpose, FE analyses were performed to simulate the influence of different types of imperfections in the coupling point. Because the interest is to observe the erosion of critical bifurcation load, this time, the ECBL approach is applied considering the distortional critical load, obtained for the relevant section by an eigen buckling analysis, in interaction with Euler buckling of the corresponding bar member. Table 4 shows the reference values for critical and ultimate sectional loads obtained numerically and experimentally for the studied sections.
Linear Buckling Analysis (LBA) using ABAQUS was used to determine the relevant sectional failure mode to be considered when determining the sectional capacity (e.g. local or distortional buckling, squash load) for studied cross-sections. Table 5 . Lengths corresponding to the theoretical interactive buckling
For the case of RSK90×2.4 sections, in accordance with the LBA analysis conducted, no local minimum was determined (no local, nor distortional).
It can be observed, once again, that for RS95N cross-sections, the critical load corresponding to distortional buckling is greater than the cross-section squash load.
In this case the D N value has to be limited to 1.00. Based on this limitation, it can be said that for RS95 section, with and without perforation, there is no classical interactive buckling. However, since the section fails in such a case by a local plastic mechanism we could speak about a plastic -elastic buckling interaction. In order to compute the interactive buckling length for perforated sections, the gross section properties have been used.
Geometric imperfections
In this chapter the study focuses on the sensitivity to imperfections of pallet rack sections in compression, having the member length equal to the interactive buckling length, which was established according to ECBL procedure. Figure 8 shows the geometrical imperfections, considered in the analysis, e.g. distortional (d ±), flexural about the minor axis (f ±), and coupling of these two (f ± d ±). Also, load eccentricities, located on the axis of symmetry, were taken into consideration. In case of flexural-torsional buckling (FT), both initial deflection and initial twisting imperfection (ft) were considered together, according to Australian Standard AS4100 [31] . The code recommendations for the initial deflection, (f 0 ), and for initial twist, (φ 0 ) are given by Equations 5 and 6:
where: N cr = is column elastic critical buckling (Euler) load about minor axis; M cr = is elastic critical moment for lateral-torsional buckling; λ LT = is the lateraltorsional slenderness; L = is length of the member. Due to the fact that the global flexural buckling mode about the minor axis has the minimum value for the studied sections the global imperfection considered for coupling was considered a global bow imperfection. Figure 9 presents an example where coupled imperfections, distortional and flexural, were applied in the numerical model for a perforated section, together with the corresponding failure modes, numerically simulated and experimentally tested specimens. 
Imperfection sensitivity study
On this purpose, the most influential imperfections have to be identified. According to the ECBL approach [23] , the main goal is to observe the erosion of practical critical load. Consequently, an imperfection sensitivity study was conducted in order to identify the most critical imperfection or imperfection combination. As observed in Table 5 for RS95×2.6 section there is no classical buckling mode interaction. Further, the present imperfection study will be focused on RS125 section and it is a continuation of the study presented by the authors in [24] and [32] .
Due to the fact that in practice, pallet rack upright sections are more sensitive to flexural-torsional buckling than flexural buckling, another section was considered for the sensitivity study. The section is presented in Figure 10 . Koen [33] presented a series of experimental tests results and numerical analyses for this section. The section will be further referred to as RSKB90×2.4 for the section without perforations and RSKN90×2.4 for the section with perforations.
The imperfections used for this study are: distortional symmetric imperfection (ds), distortional asymmetric imperfection (da) (only for RSN125×3.2 section), flexural bow imperfection about the minor inertia axis (f), loading eccentricities on both axes (independent and coupled -EY, EZ, EY-EZ) and flexural-torsional imperfection (FT). The distortional imperfection, symmetric and asymmetric, was scaled to 0.5t, 1.0t and 1.5t, the flexural bow imperfection was scaled to L/750, L/1000 and L/1500, while the flexural-torsional imperfection was considered in accordance with the provisions of Australian design code [31] . The loading eccentricities were varied on both sectional axes (±6mm), independently and together, as an oblique eccentricity.
In Table 6 are presented the considered simple imperfections, sectional, global and loading eccentricities for RSN125×3.2 section. Table 6 . ψ erosion coefficient and α imperfection factors for simple imperfections
In Table 6 can be easily observed that for the RSK90×2.4 section, even if there is no real buckling mode interaction, the presence of perforations affects the values of corresponding erosions, and consequently, the values of the imperfection factors. In the same time, it can be observed that for RSK90×2.4 sections, the value corresponding to FT imperfection is higher than those corresponding to flexural imperfections. This can be explained by the fact that, as mentioned before, the section is more sensitive to flexural-torsional buckling Table 7 presents the coupled imperfections considered for the RSN125×3.2 section.
It is easy to observe that the combination (f -L/750, ds -1.5 t) of imperfections is the most critical one. However, statistically is not recommended to combine all imperfections to cumulate their negative effects, because their random compensation. Table 7a . ψ erosion factors and α imperfection factors for coupled imperfections
In terms of ψ interaction factor, Gioncu [34] defined 4 classes of interaction, ranging from WI (weak interaction) with ψ < 0.1 to VSI (very strong interaction) for ψ > 0.5.
A precise framing for coupled instabilities is very important in order to choose a suitable design strategy. For weak and moderate interaction class, simple design methods based on safety coefficients can be used. In case of strong and very strong interaction, special design methods must be developed.
It can be observed that for the case of RSN125 pallet rack section, the computed erosion can classify the section into medium up to very strong interaction, depending on the considered imperfection.
A sensitivity analysis, considering appropriate value for imperfections, sectional (local or distortional) and global (flexural, torsional or flexural-torsional) should be performed in order to determine the erosion coefficient and, based on its value the, imperfection coefficient.
Concluding remarks
Both test and numerical simulations have proven the negative influence of interaction between distortional and overall buckling in the case of this particular type of rack sections. The interaction of buckling modes reduces significantly the capacity of perforated members in compression.
In order to reduce the number of experimental testing, a rational sensitivity analysis done using calibrated and validated numerical models can be used in order to determine the imperfections to be considered for the numerical model, when determining the erosion factor.
The ECBL approach can be successfully applied, with a limited number of tests for material properties and stub column tests, using numerical simulations. Considering the maximum values for imperfection recommended in literature, it can be observed that real sections tend to have a higher capacity than the one obtained via numerical simulations. Two main reasons can be identified for this: (1) the real imperfections are lower than those recommended by codes and literature and (2) in real cases, the imperfections randomness partially compensates each other, while in numerical simulation they are cumulatively applied.
The ECBL approach [23] is an excellent procedure that permits the evaluation of erosion of critical bifurcation load as result of interactive buckling. It applies for the interaction of sectional (local or distortional buckling) with global (flexural or flexural-torsional) instabilities.
A design procedure based on EN1993-1-1 [35] , coupled with the ECBL approach, applied to calibrate the value of α imperfection factor, can be used to determine the buckling strength of compressed pallet rack uprights. This approach can be used for the case of sectional capacity, defined by local or distortional buckling, or squash load, coupled with overall buckling (i.e. flexural, torsional or flexural-torsional).
A rational sensitivity analysis, supported by reference test, is of paramount importance in order to determine the imperfections to be considered for the numerical model, when determining the erosion factor.
Considering the results presented in previous chapter, it can be said that a correctly calibrated numerical model can be used to perform a sensitivity study, no matter for the buckling modes that couples i.e. distortional and overall flexural buckling in case of RSN125×3.2 section, plastic strength and flexural overall buckling in case of RSN95×2.4 section and plastic strength and flexural-torsional buckling, in case of RSK90×2.4 section.
Moreover, using a correctly calibrated numerical model to perform a sensitivity analysis, on the ECBL approach the maximum erosion and corresponding imperfection factor can be determined for a given section, with or without perforations.
